Abstract
Steady improvements in the long term outlook for adolescents and young adults with cancer require a shift in focus towards ensuring quality of life after cancer treatment as well as quantity. An important component of quality of life for many men is the ability to father a biological child. However, direct effects of malignancy, as well as potentially gonadotoxic cancer treatments, render many men azoospermic. Where cryopreservation of a good quality semen sample is not possible or was not offered prior to initiation of treatment, microdissection testicular sperm extraction (mTESE) offers a potential route to biological fatherhood. This review explores current evidence supporting the use of mTESE in patients treated for cancer, as well as some of the barriers and questions that still remain before this technique can form part of routine practice.
Introduction
The last 40 years have seen steady improvements in the proportion of paediatric and young adult patients surviving long-term after treatment for cancer 1, 2 . Increased awareness of signs and symptoms, timely referral with improved access to diagnostic investigations, and advances in treatment with centralisation of services have all contributed to this improved outlook 3 , to the extent that a man diagnosed with testicular cancer in 2011 has a 98% chance of surviving at least 10 years, compared with just 69.2% in 1971 4 . Whilst there is clearly much to celebrate in these statistics, it is important to recognise the burden on mental and physical health of surviving cancer and its treatment, with a shift in focus towards ensuring quality of life after treatment as well as quantity.
An important component of quality of life for many male cancer survivors is the ability to father children and raise a family. In a large survey of men treated for cancer in the preceding 2 years, 77% of respondents who were childless at the time of cancer diagnosis expressed a wish to have children in the future 5 . Infertility has an important psychological impact; many men rendered infertile by their cancer treatment experience prolonged grief and distress 6 . Men also worry about how relationships will be affected by disclosing potential infertility 7 . Whilst it is possible to conceive through sperm donation or adoption, most men have a preference to father a biological child 8 .
Chemotherapy, radiotherapy and malignancy itself can all adversely affect sperm number and quality, potentially permanently [9] [10] [11] , and male survivors of cancer are less than half as likely to father a child as their unaffected siblings 12 . Alkylating agents such as cyclophosphamide, widely used in the treatment of paediatric and adolescent leukaemias, lymphomas and sarcomas are particularly gonadotoxic. A single dosing pulse of cyclophosphamide causes long-lasting azoospermia in up to 70% of male patients 13 . In another study of 67 men treated with chemoand/or radiotherapy, predominantly for lymphomas and testicular cancer, 57% were rendered permanently azoospermic by their treatment 14 .
In an ideal world, all male patients planning to undergo potentially gonadotoxic cancer treatment would first provide a semen sample for cryopreservation, allowing future use of high quality thawed sperm for intrauterine insemination or in vitro fertilisation. However a number of barriers to this strategy exist. Firstly, despite national guidelines that sperm cryopreservation should be offered to all such men and adolescent boys 15 , a number of studies have shown that the potential effects of cancer treatment on fertility are under-discussed by medical teams and many eligible men are not given this opportunity 16, 17 . Low semen quality or azoospermia may already exist due to local, endocrine or autoimmune effects of the cancer itself 18 , and in other cases severe systemic illness induced by malignancy, combined with the urgency of starting treatment, may make producing an ejaculated sample in a hospital setting logistically challenging. Moreover, producing a semen sample is not possible for pre-pubertal boys, who nonetheless stand the same risk as adults of permanent azoospermia following cancer treatment 10, 19, 20 .
No methods currently exist to restore normal fertility in patients rendered azoospermic by malignancy or following spermatogonial stem cell destruction by cancer therapies. However, histological examination of testicular biopsies suggest that isolated foci of active spermatogenesis may persist despite global testicular failure 21 . Furthermore, assisted reproductive technology (ART) incorporating intracytoplasmic sperm injection (ICSI) can be performed using low numbers of testicular sperm. Therefore, surgical sperm retrieval is implicated as a potential means of allowing men with cancer to have a realistic chance of fathering a biological child. Of these surgical techniques, microdissection testicular sperm extraction (mTESE) balances the greatest likelihood of successful sperm retrieval with an acceptable profile of adverse affects 22 . However, barriers and questions still remain before this specialised technique can form part of routine practice.
Process of mTESE
During conventional surgical testicular sperm extraction (TESE), multiple samples of testicular tissue are taken through one or more incisions in the tunica albuginea, in the hope that they will contain foci of active spermatogenesis 23 . However, this approach runs a significant risk of damage to branches of the testicular artery that run along the anterior surface of the testis to supply the testicular parenchyma 24 . Where prognostic biopsies have shown limited sperm production, large volumes of testicular tissue may be removed to maximise chances of finding viable spermatozoa. This reduction in testicular volume, alongside devascularisation and haematoma formation, can lead to further impairment in testicular function with severely reduced androgen production 25 26 . Moreover in nonobstructive azoospermia, sperm retrieval rate with this method is at best around 40%, with fertilisation rates in subsequent ICSI around 50% 27 . mTESE offers several improvements over conventional TESE, increasing sperm yield, whilst minimising adverse effects 27, 28 . Based on the finding that seminiferous tubules bearing developing germ cells tend to be larger and more Practically, mTESE may be performed on a day case or even outpatient basis, and can be performed under local or general anaesthesia 27 . Initial recovery is generally straightforward with a low incidence of early complications such as post-operative bleeding or wound infection 23, 27 . In the longer term, several studies have shown that the extensive ultrasonographic abnormalities seen around testicular biopsy sites following conventional TESE are mitigated by a microsurgical approach 23, 32 . Nevertheless, in the largest published study addressing endocrine changes in 435 men undergoing mTESE or conventional TESE, a transient and equivalent fall in serum testosterone was seen at 3-6 months following both procedures. On average serum testosterone levels returned to 85% of initial values within 12
months, but hypogonadism persisted in a minority of patients 26 . This evidence is corroborated by a further, smaller study which suggested that de novo androgen deficiency developed in 16% of men following mTESE 33 .
Post-chemotherapy azoospermia and mTESE
Despite the potentially wide application of mTESE for patients with cancer, there exists little published research investigating the outcome of mTESE in azoospermic men following cancer treatment. In the largest case series to date, Schlegel et al 22 document their experience of mTESE in 73 men with persistent post-chemotherapy azoospermia, with a mean interval post-treatment of 19.9 years. During this study, Sertoli-cell only pattern histology was observed in the majority of patients, which is consistent with previous studies on testicular function following chemotherapy 11, 19, 34 . However, spermatozoa were successfully retrieved in 27 (37.2%) patients on initial mTESE, rising to 36 (42.9%) during repeated procedures; this is surprising when considering that the majority of patients had histological features which failed to detect any active spermatogenesis. In cases with successful sperm retrieval, the reported live birth rate with ICSI was 42%. Thus mTESE plus ICSI allowed 13 men of the 73 (17.8%) included in the study to become biological fathers. These data suggest that mTESE is a potential therapeutic option for patients with azoospermia post-cancer therapy, although further and larger studies are required to define the prognosis for sperm retrieval associated with this approach.
When mTESE has failed to yield viable sperm in patients with post-chemotherapy azoospermia , there is some evidence that medical optimisation of hormonal status may improve likelihood of successful sperm retrieval during a subsequent mTESE procedure. In a small study by Shiraishi et al 35 , six azoospermic men with failed mTESE following chemotherapy were treated with subcutaneous human chorionic gonadotrophin injections for at least three months prior to a repeat mTESE procedure. Increased thickness of the basement membrane and Leydig cell hyperplasia were seen in all patients, with successful sperm retrieval in two. Of note, both of these men had a histological pattern of maturation arrest on initial biopsy; salvage hormonal therapy was not successful in any patients with sertoli-cell only histology. Whilst the very small sample size clearly limits the conclusions that can be drawn from this data, it does reflect findings in a larger sample of patients with other aetiologies of azoospermia suggesting that some testicular histological subtypes at least may be amenable to medical optimization 36 . It is interesting to speculate whether hormonal therapy for azoospermia would potentially improve the chance of sperm retrieval purely in hypogonadal patients, or all azoospermic patients (with or without hypogonadism). Further studies are required to answer this question, which has substantial implications for the optimization of azoospermic cancer survivors prior to mTESE.
Sperm retrieval rate and live pregnancy rate are notably lower overall than in other studies where varying aetiologies of NOA such as Klinefelter syndrome, cryptorchidism and varicocoele, have been included 23, 27, 32, 37, 38 . This may be a reflection of the testicular histological patterns of hypospermatogenesis and maturation arrest that are more frequently seen in these groups, and are associated with higher sperm retrieval rates 39 . In keeping with this, all patients with post chemotherapy azoospermia and evidence of hypospermatogenesis on testicular biopsy had successful sperm retrieval. Of note, in this and other studies 35 , sperm retrieval rate was closely associated with cancer type. Despite having just one testicle, 85% of patients with previous testicular cancer had successful sperm retrieval on initial mTESE, compared to only 14% of those treated for sarcoma. This is likely to reflect the relatively less gonadotoxic platinum-based treatment regimes used in testicular cancer, with more extensive use of cyclophosphamide and other alkylating agents in sarcomas 13, 40 . This may be useful in counselling patients on the likelihood of success before embarking on mTESE. There was no apparent relationship between time since chemotherapy, age, testicular volume or FSH status and likelihood of a positive outcome, although this may relate to the small numbers of patients in the study and would benefit from further research.
Notably absent from these case studies are men who are azoospermic at presentation with cancer, secondary to local, systemic or endocrine effects of malignancy itself. Where testicular function is already compromised prior to the additional insult of potentially gonadotoxic therapies, there is a rational argument for consideration of preemptive mTESE before treatment initiation, to maximise the likelihood of isolating sperm for future use in ART.
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There is currently no published research on the outcomes of mTESE in this group and this should be a focus of ongoing research. . In unilateral disease, concurrent mTESE of the contralateral testis at the time of orchidectomy would supervene these problems, also minimising the risk of hypogonadism that could be anticipated from removal of large volumes of tissue from the contralateral testis as in conventional TESE.
One common concern in young patients treated for cancer is the risk of possible birth defects and genetic abnormalities in their potential offspring 7 Several large studies have shown that this risk is not higher than in the general population when fertilisation is with ejaculated spermatozoa, whether naturally or through intra-uterine insemination or in vitro fertilisation [44] [45] [46] . However high powered evidence that this remains the case for surgically extracted testicular sperm and ICSI is lacking, largely due to the rarity of the procedure in this population. Cytotoxic drugs have been demonstrated to cause extensive genetic and chromosomal abnormalities in ejaculated sperm that can persist up to 18 months after completion of treatment [47] [48] [49] , and spermatozoal DNA damage is associated with abnormal blastocyst development in IVF 50 . To minimise these risks, it would be prudent to reserve mTESE for men who remain azoospermic for several years after completion of gonadotoxic therapy, particularly as many men who are initially azoospermic may recover sufficient spermatogenesis for natural conception during this time 
Expert commentary
Whilst mTESE offers the best available chance for men who are azoospermic following cancer treatment to father a biological child, it is important to remember that the ultimate likelihood of success (ie. live birth) is consistently below 1 in 5 22, 35 . In contrast, where men have had the opportunity to bank sperm prior to initiation of treatment, close to 80% of those who subsequently use their samples in ART will achieve paternity 51 , highlighting the importance of offering sperm cryopreservation where practicable. Given that fertility outcomes are not affected by duration of storage of cryopreserved sperm 52 53 , perceived awkwardness or lack of immediate relevance should not prevent discussion of fertility with boys who are adolescent at time of diagnosis; these patients make up a significant proportion of those subsequently referred for mTESE and frequently report a lack of awareness of the impact of treatment on their fertility potential 54, 55 . In pre-pubescent boys where sperm cryopreservation is impossible, consideration should be given to pre-emptive testicular tissue harvesting for potential future use in experimental treatments such as fspermatogonial stem cell (SSC) banking. Surgical recovery of pre-pubertal testicular tissue may be combined with other procedures requiring general anaesthesia such as venous catheter insertion or bone marrow sampling, minimising trauma and anaesthetic risk. 56 Whilst realisation of the fertility potential of SCCs remains as yet undemonstrated in humans, significant progress has been made in animal studies, with demonstration of restoration of functional spermatogenesis following autotransplantation of a suspension of frozenthawed SCCs into the testes of rhesus monkeys rendered azoospermic with alkylating agents 57 . Such strategies may well offer an alternative to mTESE when these and future generations of young cancer patients reach reproductive age.
In counselling men and their partners on the likelihood of success with mTESE, it is worth considering several factors that may make actual paternity rates somewhat lower than the best reported in published studies. Firstly, there is evidence of a substantial learning curve in surgical experience, with the best sperm retrieval rates seen after a surgeon has performed at least 50 such operations 58 . Where availability and uptake of the procedure is low, the best outcomes may be seen if cases are channelled to large centres with higher throughput.
In the largest case series of mTESE in post-chemotherapy azoospermia, ICSI was performed using fresh sperm extracted on the day of or day before egg harvesting; requiring synchronisation with egg harvesting in female partners 22 . This is unlikely to be feasible in most healthcare settings, and indeed the current standard in the UK is to use cryopreserved harvested sperm for ICSI. The impact of this difference on overall success rates is yet to be seen. However unlike with ejaculated sperm where there is clear evidence for a detrimental effect of freeze-thaw cycles 59 , the use of ICSI rather than IVF may supervene some of these problems, with similar fertilisation rates for fresh and cryopreserved sperm 60, 61 .
The psychological impact of mTESE should also be carefully considered before offering it to men rendered azoospermic following cancer therapy. Surgical sperm retrieval is an emotionally demanding procedure which is deemed successful if sperm are collected. However, patients with successful sperm retrieval do not always have successful assisted reproductive technologies (ART), and successful ART does not always lead to a live birth. It is therefore important to counsel men undergoing mTESE for cancer to be fully aware of numerous steps which must be negotiated to allow conception. Nevertheless, for many men the chance to father a biological child is of central importance to their wellbeing and psychological recovery after cancer 8 . Offering as it does a realistic chance of achieving this goal in a group of men traditionally seen as infertile, wider application of mTESE should be considered as we move towards a greater appreciation of the importance of quality of life after cancer treatment.
Five year view
As expectations of cancer survival increase, patients will increasingly demand long-term quality of life to be central to their management plan. We anticipate that mTESE will become increasingly available to the minority of male cancer survivors wishing to father a child, who are azoospermic and have no cryopreserved sperm. Larger, multicentre studies are likely to emerge, giving clinicians and patients better information about the potential benefits and risks (principally the risk of failed sperm retrieval) associated with mTESE. Although currently lacking, data on the effectiveness of pre-cancer therapy sperm retrieval may become available. Finally, greater expert consensus and clinical guidance is required to standardise the quality of fertility treatment including mTESE, in male survivors of cancer.
Key Issues
• The future ability to father a child is of central importance to many men, but cancer and its treatment render a significant proportion of male cancer patients azoospermic.
• Testes of azoospermic men may contain foci of active spermatogenesis. Where cryopreservation of a good quality semen sample was not possible or was not offered prior to initiation of treatment, testicular sperm extraction combined with ICSI may allow azoospermic men to achieve biological fatherhood.
• Microdissection testicular sperm extraction offers advantages over conventional TESE. Identification and isolation of seminiferous tubules bearing developing germ cells increases likelihood of successful sperm retrieval, whilst minimising the volume of testicular tissue removed and the risk of damage to testicular vasculature.
• Sperm retrieval rate and live birth rate following mTESE for men who are azoospermic after cancer treatment appear lower than in azoospermia of other aetiologies. Success rate varies between cancer type and treatment modalities, with cyclophosphamide-based chemotherapy regimens being particularly associated with unsuccessful sperm retrieval. Medical optimisation of hormonal status may improve outcomes, but requires further research.
• Further research is required into the potential role of mTESE prior to initiation of therapy in men who are azoospermic at the time of cancer diagnosis. • Whilst mTESE offers the best available chance for men who are azoospermic following cancer treatment to father a biological child, the ultimate likelihood of success (ie. live birth) remains relatively low (less than 1 in 5). Where possible, sperm cryopreservation before treatment remains the gold standard.
• The psychological impact of mTESE should also be carefully considered before offering it to men rendered azoospermic following cancer therapy. It is important to counsel men undergoing mTESE for cancer to be fully aware of numerous steps which must be negotiated to allow conception.
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